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Abstract
The MINERνA experiment, housed at the Fermi National Accelerator Laboratory
near Chicago, is a high-statistics experiment studying neutrino-nuclei interactions. Neu-
trino interaction models will be a limiting uncertainty of next generation neutrino oscillation
experiments. Understanding the properties of neutrino oscillations may shine light on the
matter vs anti-matter discrepancy in the universe. The data recorded by MINERνA can
be compared with current neutrino interaction simulations to determine their level of agree-
ment. Improving the agreement between simulation and data leads to improved neutrino
models and reduced systematic uncertainties in neutrino oscillation measurements. Before
comparisons can be made, the data collected must be calibrated. Test Beam experiments,
small scale versions of the MINERνA detector, are used for in-depth analyses of various
detector responses to known particles. Alignment calibration for Run 2 of Test Beam 2 was
started. It was found the mapping between simulation detector components and the compo-
nents on the physical detector was incorrect for the configuration of Run 2. This mapping
was corrected and alignment completed. In addition, strip-to-strip calibration for uniform
energy response among scintillator strips was completed. New alignment and strip-to-strip
constants have been installed in the Test Beam framework for collaboration use.
Chapter 1
Introduction
It was once thought protons, neutrons, and electrons were the smallest entities of matter
and the only existing particles. In the 1930s, the world of particles expanded exponentially.
The originally simple view of matter and interactions became clouded with various new
particles and their properties. Pions, kaons, positrons, neutrinos, etc. were added to the
ever growing list of particles that make up the universe. Along with the new cohort of
particles came numerous theories and experiments pertaining to the minuscule world of
particle physics. By the 1970s, the tried and tested theories were collected into what is
known today as the Standard Model. The Standard Model contains the concepts and laws
that particles appear to follow. Experiments continuously try to push the boundaries of this
model by looking for physics beyond it. However, only one major change, neutrinos having
mass, has been made to the Standard Model since it was created [4].
1.1 Neutrinos
One of the least understood particles present in the Standard Model is the neutrino.
Neutrinos have eluded more rigorous studies of their properties because they interact via the
weak force, causing them to interact very rarely with matter. Low interaction rates make
studying neutrino properties challenging. Limited knowledge of their properties has led to
inadequate models of neutrinos and their interactions. Insufficient models limit the ability
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of experiments studying more subtle properties of neutrinos, such as oscillations [9]. These
difficulties have caused accurate models of neutrino interactions to be highly sought after.
1.2 MINERνA
MINERνA is an experiment based at the Fermi National Accelerator Laboratory (Fer-
milab) near Chicago that focuses on providing data to improve the current neutrino inter-
action models. The exceptional tracking, board energy range, and primary interaction point
precision allows MINERνA to record high resolution kinematic data for various neutrino-
nuclei interactions. The improvements made to models due to MINERνA data will allow
systematic uncertainties coming from simulations of neutrino oscillations to be reduced. This
reduction of uncertainties may result in improved understanding of the unique properties of
neutrinos.
1.3 Neutrino Models
In order to improve neutrino models, simulations of interactions occurring in the
MINERνA detector must hold detailed agreement with observed data. Before detector
simulation and data can be compared, the recorded data must be calibrated. This entails
determining scale factors, offsets, backgrounds, response variations, absolute energy scales,
etc. Once data has been accurately calibrated and compared to detector simulations, sig-
nificant differences indicate possible inaccuracies in models of neutrino interactions. When
this occurs, a parameter or concept, usually within the models of neutrino interactions, upon
which the simulation of the detector was based on, must be altered in order to obtain better
agreement.
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1.4 Test Beam
The Test Beam detector, or Test Beam for short, is a small re-configurable version
of the MINERνA detector that is used to test, calibrate, and validate the simulations of
particle responses in the MINERνA detector. Test Beam allows specific components of the
detector to be analyzed independently in order to obtain a deeper understanding for each
portion of the detector’s response. Test Beam is almost identical to the MINERνA detector,
and is exposed to known particles with known momenta to test individual particle responses
of the main detector components.
This thesis gives a brief description of the theory behind the Standard Model as well as
neutrinos and neutrino oscillations in Chapter 2. Then both the MINERνA experiment and
detector setup and the Test Beam experiment and detector setup will be discussed in Chapter
3. Chapter 4 presents details on the numerous calibration processes that must occur before
detector simulation and data comparison can ensue. The process and results are summarized
in Chapter 5. Chapter 6 provides details and discussion about results presented in Chapter
5. Finally, the conclusion of the project, as well as necessary future work, are presented in
Chapter 7.
3
Chapter 2
Theory
The universe is governed by fundamental particles and forces from which it is made.
Understanding the nuances of the laws these fundamentals abide by has been the goal of
physics experiments since the discovery that atoms are not elementary. Recently, neutrinos
have shaken up the world of particle physics. They caused the first major change to the
set of laws and theories about elementary particles since these theories had been established
in the 1970s. Neutrinos caused this revolution through a unique property called neutrino
oscillations.
2.1 Standard Model of Physics
When the world of particles exploded with the discovery of so many “extra” particles,
the study of each species, or type of particle, led to a set of “rules” or properties. These
properties are followed by every elementary particle in their various interactions and include
conservation of lepton number, conservation of spin, conservation of color, conservation of
muon number, etc. With an ever growing list of rules particles appear to follow, a need for
a coherent and concise depiction of the fundamental particles of the universe arose. The
Standard Model of particle physics is the current best understanding of the fundamental
particles and interactions that govern the universe. The current view of the universe is that
matter consists of leptons, quarks, and force mediators [4]. The Standard Model consists of
4
six quarks, three charged leptons - electron, muon, and tau - and their three neutral partners,
the neutrinos. Along with these particles, the leptons and neutrinos each have their own
antiparticle, which has all the same properties except for opposite charge. (See Figure 2.1.)
Figure 2.1: The Standard Model of Particle Physics, where the quarks are detailed in blue
and the leptons in green. Each box represents a fundamental particle and displays the mass,
charge, and spin of the particle. Taken from Ref.[11].
The interactions included within the Standard Model are the electromagnetic force, strong
force, and weak force. Specific particles, called force mediators, are also present in the
Standard Model. The following are the mediators, or “gauge bosons,” which transmit each
force: photons for the electromagnetic force, gluons for the strong force, and the W and
Z bosons for the weak force. The different types of elementary particles can each interact
through one or multiple of these forces. For example, quarks use all three, charged leptons
use the electromagnetic and weak forces, and neutrinos use only the weak force.
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The Standard Model had survived for approximately 40 years without any large changes,
but there are certainly important issues and phenomenon it does not explain, such as quark
masses [4]. It also consists of a set of numbers taken from repeated experimental results and
manufactured theories which give the experimental results. This leads many to believe there
still exists some more general set of laws out there waiting to be discovered that supercedes
the Standard Model completely [4]. There are, of course, already theories which extended
beyond the reaches of the Standard Model, such as Grand Unified Theories, super-symmetry,
super-string theory, etc., that are challenging answers about the universe the Standard Model
gives.
2.2 Neutrinos
Some of the most mysterious particles in the Standard Model are neutrinos. They were
first theorized by Wolfgang Pauli when he suggested there may be an additional particle
emitted during beta decay that was electrically neutral and accounted for observed missing
energy [4]. This extra particle had to be neutral so conservation of charge would not be
violated, and it had to be extremely light; both conditions contribute to making it extremely
difficult to detect [4]. With the introduction of this new particle, beta decay became known
as the fundamental process recognized today with a neutrino in the equation:
n→ p+ + e− + ν (2.1)
By the 1950s there was plenty of theoretical evidence for this light neutral new particle,
yet no one had seen one experimentally [4]. The lack of experimental evidence comes from
the fact that neutrinos interact extremely weakly with matter and these interactions are
rarely seen. The first experimental confirmation of the neutrino was obtained by Cowan and
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Reines in their experiment located at the Savannah River nuclear reactor in South Carolina
[4]. Even with their powerful source of anti-neutrinos from the nuclear reactor, creating a
flux of 5 × 1013 particles per square centimeter per second, they only observed about two
neutrino interactions each hour [4].
When the neutrino was finally detected, physicists started studying its properties. Through
the years three different flavors of neutrinos have been discovered: the electron neutrino, the
muon neutrino, and the tau neutrino [4]. It has also been discovered that even though the
neutrino mass is very small, it is nonzero. An additional property is that the neutrino and
anti-neutrino are not the same particles and can be distinguished by their differing lepton
numbers [4].
Charged leptons can interact via the electromagnetic and the weak forces, whereas the
neutral leptons (neutrinos) can only interact via the weak force. This is because they contain
no charge with which to interact via the electromagnetic force. The exchange of a W± or
Z0 boson is characteristic of a weak interaction. The type of boson exchanged determines
whether it is a charged-current interaction (Figure 2.2) as the W± boson carries one unit
of electric charge, or a neutral-current interaction (Figure 2.3) as the Z0 boson carries no
electric charge [7]. The neutral-current interaction has a probability of occurring that is
approximately a third lower than that of a charged-current interaction [7].
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Figure 2.2: Feymann diagram of the charged-current interaction neutrinos may undergo.
This interaction has a muon neutrino and down quark interacting via a W− boson in a
charged-current interaction.
Figure 2.3: Feymann diagram of the neutral-current interaction neutrinos may undergo. This
interaction has a muon neutrino and fermion interacting via a Z0 boson in a neutral-current
interaction.
Neutrinos are good probes for the interior of non-elementary particles due to the fact
they only interact through the weak force. Their cross section, which is the effective area of
scattering, is tiny. A small cross section means the probability of interaction is extremely
low. This low probability would not be a problem if creating intense beams of neutrinos was
easy.
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2.2.1 Neutrino Oscillations
The experimental evidence of neutrinos changing flavors led to the determination that
neutrinos are not massless. This nonzero mass of neutrinos changed the Standard Model
slightly. It all started with the solar neutrino problem. Through many centuries of studying
the Sun, scientists eventually arrived at the correct realization that the Sun is powered by
nuclear fusion. Once the nuclear reaction equations were determined, it was clear the Sun
produces a lot of neutrinos through its fusion processes. John Bahcall worked out the amount
of neutrinos which should be seen coming from the Sun [4]. In 1968, Ray Davis headed an
experiment that set out to measure the amount of solar neutrinos reaching the Earth [4].
The solar neutrino problem was thus borne when Davis recorded only about a third of the
total number of neutrinos Bahcall had calculated [4].
In attempt to account for the discrepancies between theory and observations, Bruno
Pontecorvo suggested the electron neutrinos, which are the type that come from the Sun,
transform in their journey to Earth to another type of neutrino which Davis’ experiment was
not able to detect [4]. This was the start of the neutrino oscillation theory. This theory is
simple in that it results from the mixing of states, which is prevalent in quantum mechanics
[4]. The flavors of neutrinos are not pure states [4]. This means there is a statistical proba-
bility that one flavor of neutrino may be measured as another [4]. It is this probability which
causes the neutrino flavors to oscillate. The idea of oscillations occurring for neutrinos re-
sulted in an upheaval of neutrino theory in general. This has since been verified by numerous
experiments that use man-made neutrino sources such as the KamLAND experiment and
the MINOS experiment [4].
One key concept this changed was the mass of a neutrino. It was previously assumed
neutrinos were massless. The calculations of the Standard Model become more simplified if
neutrinos are massless and sometimes it is claimed that the Standard Model asserts neutrinos
must be massless [4]. However, in order for neutrino oscillations to occur two things are
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required: one is that there is mixing occurring between the different types of neutrinos; and
the second is that the masses of neutrinos types cannot be equal, and more specifically they
cannot all be zero [4].
Prior to neutrino oscillation theory, neutrinos were said to have no mass in the Standard
Model. Once neutrino oscillations were theorized and verified, particle physics theories had to
change. The neutrino’s mass could no longer be zero as it would not account for oscillations.
This was the first change to a formerly unscathed Standard Model.
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Chapter 3
Detectors and Beamlines
3.1 MINERνA
MINERνA is a high-statistics neutrino-nuclei scattering experiment that sits within the
intense neutrino beam produced by the Neutrinos at the Main Injector (NuMI) beamline. A
variety of nuclei are being used to study these interactions including carbon, helium, oxygen,
lead, and iron. Directly behind the MINERνA detector is the Main Injector Oscillation
Search near detector (MINOS), which measures the energy and charge of muons that exit
the MINERνA detector in a forward direction. MINERνA studies neutrino interactions in
the few GeV region of energy.
The main goals of MINERνA are to measure neutrino interaction cross sections and study
nuclear effects on neutrino interactions. Data collected with MINERνA, in combination with
data from electron-nucleus scattering experiments, will help to further the understanding of
weak force interactions within nuclear environments [8]. In addition to furthering knowledge
of the weak interaction, the data recorded by MINERνA will improve models and simulations
of neutrino scatterings and interactions.
3.1.1 Detector
The detector must be able to record and measure high resolution kinematic variable
quantities, such as momentum, energy, etc., of various particles created in interactions like
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those depicted in Figure 3.1. The detector must also be able to separate individual particle
tracks in neutrino interactions with multi-particle final states.
Figure 3.1: Example of experimental kinematic variables MINERνA must be able to record
for a neutrino-nucleon interaction. P and ki are momenta. Taken from Ref.[7].
There are over 32,000 3cm wide strips of plastic scintillator in the MINERνA detector.
A scintillator strip will emit light if an ionizing or charged particle passes through it. This
resultant light must be converted into electrical pulses in order to digitize the data for
later analysis. Scintillation light is collected and converted into these electrical pulses at a
photomultiplier tube (PMT) mounted on the outside of the MINERνA detector [8]. The
electrical pulses carry information needed to correctly reconstruct the particle and its energy,
time of flight, and position within the detector [8].
The scintillator strips are triangular shaped and arranged in a plane as shown in Figure
3.2. This shape forces a particle to pass through at least two strips when it transverses a
plane. If a particle passes through only one strip, it will pass through the peak of the strip
and result in the maximum light output seen. The position of a particle is determined by
the relative amount of light in a cluster, or group of adjacent strips. A small hollow hole is in
each of the scintillation strips. A wavelength shifting fiber is placed within the hole for each
strip. This fiber captures the scintillation light of a charged particle passing through the
scintillation material. The positioning, timing, total energy deposited, etc. of the clusters
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are used to reconstruct the trajectory of the particle that passed through the detector [8].
Figure 3.2: Example of the scintillator strips used in the MINERνA detector. Left: Several
scintillator strips combined together such as they are in the planes within the MINERνA
detector. Right: Single scintillator strip held next to a ruler for scale.
The MINERνA detector is segmented into four main parts: the inner detector, which
houses the planes of scintillator strips, the active tracker region, as well as the nuclear
targets off of which the neutrinos scatter; the electromagnetic calorimeter (ECAL); the
hadronic calorimeter (HCAL); and the outer detector, which is a steel frame containing some
embedded scintillator strips whose main purpose is to act as a supporting structure and detect
energy leaking out of the sides of MINERνA. Figures 3.3 and 3.4 show a comprehensive view
of the MINERνA detector.
Figure 3.3: Top down view of the complete MINERνA detector showing the different regions.
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Figure 3.4: Diagram of a single module of the MINERνA detector as viewed head on along
the beam axis.
3.1.2 NuMI Beamline
MINERνA uses a high intensity beam of muon neutrinos and anti-neutrinos from the
NuMI beam at Fermilab. The NuMI beam starts by colliding protons from the Main Injector
accelerator onto a graphite target forcing pions and kaons to be created [7]. These pions
and kaons are focused by several magnetic focusing horns and then directed into a pipe, in
which they decay creating neutrinos [8]. Figure 3.5 shows the processes needed to produce
a neutrino beam. This beamline can be altered in order to change the energy spectrum of
the resultant neutrinos used by MINERνA, as well as whether neutrinos or anti-neutrinos
are being produced.
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Figure 3.5: Diagram of the various components used in the NuMI beamline to obtain a beam
of muon neutrinos. Protons from the Main Injector enter from the left and muon neutrinos
exit at the right. taken from Ref.[7].
The beam is then passed through several meters of rock before it reaches the detector.
The rock acts as an additional filter for the beam, getting rid of non-neutrino particles. This
is reasonable as neutrinos rarely interact with matter and pass unscathed through the rock.
The resultant beam is made of mostly muon neutrinos and is intense enough to have several
neutrino interactions occur within the MINERνA detector in each 10µs pulse of the NuMI
beam. This process is repeated every second or two.
While traveling through the layers of rock before reaching the detector, the neutrinos
occasionally undergo charged-current interactions with the rock to create muons called rock
muons. These rock muons are used as a natural source for various in situ calibrations.
3.1.3 MINOS
MINERνA is situated directly in front of the MINOS near detector. This allows muons
that exit MINERνA to be magnetically analyzed. MINOS measures neutrino oscillations by
looking at muon neutrino and anti-neutrino disappearance [7]. MINOS records measurements
of exiting muons momenta through magnetic spectrometry using a toroidal magnetic field.
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The deflection of the muons in the magnetic field allows information about their charge and
momenta to be determined. Figure 3.6 shows the layout of the MINOS near detector and
its various components.
Figure 3.6: Top down view of the MINOS near detector and its various components from
Ref.[7], where the beam enters from the left. More information can be found in Ref.[8].
3.2 Test Beam
The Test Beam detector is a reproduction of the MINERνA detector on a small scale.
The detector design, electronics, and software are as identical as possible to the MINERνA
detector [7]. There are various configurations of the Test Beam detector. This allows all com-
ponents, the tracker and electromagnetic and hadronic calorimetry regions, of the MINERνA
detector to be studied. The lead and steel absorber are removable from the test beam de-
tector to allow different configurations [8].
The main goal of the Test Beam effort is to allow each portion of the main detector to
be exposed to hadrons and electrons of known energy similar to what is expected for the
products of neutrino interactions so as to obtain calorimetric calibration quantities [3]. The
differences between the Test Beam detector and the MINERνA detector include additional
air gaps in the Test Beam detector. Furthermore, the length of the optical fibers for Test
Beam are much shorter than those for MINERνA yielding more scintillation light, and the
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calibration standard candle for the Test Beam detector are cosmic ray muons instead of rock
muons [8].
It should be noted that the Test Beam experiment has had several exposures, and within
each, several runs. The different exposures correspond to different ranges of energy. This
thesis looked at Test Beam 2 (referred to as Test Beam), which is an experiment at higher
energies than Test Beam 1. Specifically from Test Beam 2, Run 2 was used for the analysis.
The difference between the runs of Test Beam 2 are the following: Run 1 had 21 elctromag-
netic calorimeter planes and 20 hadronic calorimeter planes; Runs 2 and 3 had 21 tracker
planes, 4 hadronic calorimeter planes, 10 SuperHCAL (double-thick hadronic calorimeter)
planes, and 6 double-thick hadronic calorimeter planes, with the difference between 2 and 3
being that Run 2 was pions exclusively and Run 3 was electrons exclusively [6]. The nota-
tion when referring to the configuration of Run 1 is 20E20H and that when referring to the
configuration of Runs 2 and 3 is SuperHCal.
3.2.1 Test Beam Components
The Test Beam experiment setup can be broken down into the components diagrammed
in Figure 3.7. This figure is a flow chart of the different components that make up the full Test
Beam experiment at the Fermilab Test Beam Facilities. The overview shows the different
steps particles must go through before being recorded as data in the Test Beam detector.
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Figure 3.7: Schematic chart of the different components of the Test Beam experimental
setup. The cartoon highlights the main function of each component. Taken from Ref.[1].
The first section consists of wire chambers and the veto system. These two components
help keep the number of particles in the Test Beam detector to one. If there is more than
one particle in the detector at a time, the information recorded cannot be separated into
data for each particle. The wire chambers are two planes of wires ninety degrees offset from
each other [1]. The offset in angle of the planes allows for both an X and Y position of
each particle when they pass through the chamber [1]. The wire chambers allow tracking of
the particles from the initial beam as they progress through the remaining components. In
addition to the wire chambers, the veto system is also used for making sure only a single
particle is in the main detector region at a time. There are scintillator paddles surrounding
the central portion of the beam that look for particles trying to enter the main detector
from beyond the scope of the true beamline [1]. These paddles are what consists of the veto
system. They will be triggered if there is a particle entering the detector that is not from
the beamline. This allows a flag to be added to the recorded data, indicating there is most
likely more than one particle in the detector at that specific time.
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The cosmic detectors are a very important part of the Test Beam experiment that are
not in MINERνA . MINERνA uses through-going muons from the meters of rock the beam
must travel through before reaching the detector for calibrations. Test Beam does not use
these rock muons, it uses cosmic ray muons. A large difference is that cosmic rays enter the
detector at various angles due to the rays coming in from the atmosphere above. The cosmic
detectors of Test Beam are important in selecting the cosmic rays that do pass through the
detector. There are scintillator panels at the front and back of the detector which choose
through-going muons by a coincident signal between the panels [1].
The time of flight system and Cherenkov detector help determine the type of particle
that enters the detector. The Cherenkov detector uses the concept of Cherenkov radiation
to differentiate between different types of particles. For Test Beam it is tuned so that
electrons will trigger a signal while pions do not [1]. This allows electron and pion data to
be separated easily. The time of flight system uses the timing and the known momentum
of a particle to determine its mass, and therefore its species [1]. This is done using two
scintillator paddles, one upstream and one downstream, and recording the time it takes a
particle to travel from one to the other [1]. These two components are vital in determining
what type of particles enter the detector. Knowing which particles are in the detector help
determine what type of interactions or properties of the interactions are expected to be seen.
After all of these components is the main detector. The main detector is the re-configurable
small scale version of the MINERνA detector.
3.2.2 Fermilab Test Beam
The beamline used for Test Beam is made of secondary pions provided by the Fermilab
Test Beam Facility and is shown in Figure 3.8. The bending of this beam, along with the
time of flight data, allows the species which hit the detector to be determined as well as
its momentum [3]. There is relative control over the spreading of the beamline in order to
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allow fine tuning of the energy of the particles that hit the Test Beam detector. A variety
of particles at known energy are shot at the Test Beam detector in order to understand the
energy response of the various components of the MINERνA detector [7]. These particles
include pions, protons, and electrons.
Figure 3.8: Diagram of the beamline used by Test Beam. TOF stands for time for flight.
The TOF detectors and wire chambers all allow the energy of the particles which hit the
Test Beam detector, the area blown up, to be known. Taken from Ref.[2].
Test Beam was exposed to protons and pions of a variety of energies with additional
electron content in the beam [7]. The electrons were rejected, or selected, through the use
of the Cherenkov detector. The type of particle, along with its energy and momentum, is
known before it hits the Test Beam detector through the upstream beamline [7]. Protons
and pions were used as beams since most of the final state particles of neutrino interactions
are protons and pions (both neutral and charged). Therefore, thoroughly understanding
detector responses and creating accurate detector simulations of these particles, will help to
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accurately reconstruct the main constituents of neutrino interactions.
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Chapter 4
Calibrations
Calibration for both MINERνA and Test Beam data are important in order to ac-
curately determine the level of agreement between detector simulation and data. Various
effects must be accounted for. Because Test Beam and MINERνA are identical except in
size, the calibration processes used are essentially identical [7].
Through-going muons, either rock muons or cosmic ray muons, are the perfect standard
candles to use when doing in situ calibrations. They can be used to set the overall energy
scale, determine timing calibration for each scintillator strip, and provide a measurement
of the cross-talk between pixels of PMTs. Physical distortions of planes of active tracker
within MINERνA occured as the detector was constructed, and the planes were mounted
into the experimental structural support. To combat this positioning error, muons are used
in determining alignment of the planes. The muons also allow comparison of the relative
light yields for each of the scintillator strips. The alignment of the planes with respect to one
another must be accounted for to accurately reconstruct a particle′s trajectory. The plane
alignment model accounts for both translational as well as rotational differences between
successive planes, which are also called modules [8].
Background Pedestal
Pedestal monitoring allows background to be controlled for in detector data. The detector
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collects data during a time with no beam, meaning only background is recorded. The level
of this background is called the pedestal, and real data from interactions sit above this
threshold. This pedestal value is subtracted from the recorded value at the PMT. It is due
to the PMT’s dark current, the signal seen when no external particles are incident upon the
PMT [7].
Strip-to-Strip Responses
There are variations among the many scintillator strips’ energy responses. These strip-
to-strip variations are usually caused by manufacturing differences or connection issues [8].
The same basic composition of the scintillator was used to make every strip, but batch
differences still occur. Air can also become trapped in the hollow portion of the strip where
the fiber is placed. The connection between the optical fibers and the PMTs may have
minute alignment differences. These variations can easily be accounted for by multiplying
the strip energy deposit by a constant so the energy response is uniform throughout the
detector [8].
MEU Factor
The absolute energy scale of the detectors must be determined to compare the energy
deposited in one detector with that deposited in another. This is done using a muon equiv-
alent unit (MEU factor) of energy deposited in a plane of scintillator by a normally incident
muon. This works because the energy loss of a muon in the scintillator is well understood
[7]. Rock muons and cosmic ray muons deposit energy in the detectors therefore allowing
the MEU factor to be compared between data and detector simulation. The MEU factor
converts the corrected number of photoelectrons into an energy [8]. These photoelectrons
are resultant from the photoelectric effect that occurs in the PMTs. This effect takes the
scintillation light and amplifies it by creating additional electrons so the signal is easier to
measure and digitize.
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Channel-to-Channel Timing & Cross-Talk
Correction of channel-to-channel timing of the data takes into account time for the elec-
trical pulses to travel the length of the optical fibers, among other factors. This transport
time in the fibers can be corrected by accounting for the time it takes light to travel the
length of the fiber [8]. Cross-talk among PMTs occurs when the light incident on one PMT
pixel produces a signal in a different pixel [8]. This usually occurs the strongest among pixels
that are neighbors of each other. Muons allow the mapping of cross-talk between each pixel.
Note that not all of these calibration processes are part of this thesis. The analysis done
for this thesis focused on the alignment and strip-to-strip response calibrations.
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Chapter 5
Process and Results
Before working with any of the data files from Test Beam, the Multi Wire Proportional
Chambers (MWPC) files and Computer Aided Measurement And Control (CAMAC) files
had to be merged together with detector data. This merging allows the connection between
information from the actual detector planes and information about the species and momenta
of the beam particles obtained by the wire chambers sitting upstream of the detector.
The MWPC tracking system is a set of small wire chambers used in the secondary beam
lines (i.e., the secondary pions used by Test Beam) [10]. The main purpose of the MWPC
is to track and record information about the beam before it hits the Test Beam detector.
This allows the species of particle entering the detector to be determined and additional
information about the particle to be stored [10]. The CAMAC software monitors a series of
other items such as cosmic ray muons from space [10]. These two systems create different
data sets. Therefore, before running calibration tests, these data sets needed to be merged
into one so all of the information about each run of Test Beam is in one place.
The merging into one data set is not a trivial process. Initially any empty files must be
discarded in both sets. There are several different ways the merging occurs as well. One
is where the files are matched up by looking at the spill information, in other words which
pulse of the beam created the data recorded in each of the files. The other process matches
the timestamps of each data file. The specific code used also knows of several special cases
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of files it needs to skip because of known errors. A more technical how-to process of merging
the files can be found in Kleykamp’s how-to process [5].
There are four main sections to the general calibration process for Test Beam data.
These steps are: plex mapping, alignment, S2S, and MEU. Plex mapping is correlating the
electronic address of a component of the experiment to its physical location as a component
on the detector [5]. The coordinate system used by both MINERνA and Test Beam is:
X is beam up and beam down; Y is beam right and beam left; and Z is along the beam
axis, normal to the detector planes of scintillator. Alignment covers the translation along
the X and Y axes and rotation about the Z axis for positioning of individual planes in the
Test Beam detector; note that the Z axis translational alignment is done by the physical
placement of the planes and the rotation about the X and Y axes is too small to make a
difference [5]. The physical placement of each plane within the supporting structures of the
detector consists of hanging the planes like hanging file folders on the structure support
railings. The positioning of each plane was carefully done in building the detector, and the
planes’ Z alignment is only slightly different from the ideal location. The S2S step normalizes
the energy response of each strip so the overall response is uniform throughout the detector.
MEU is the calibration process discussed in the preceding chapter; the end goal is to have
the energy reconstructed in each strip be equal in the detector simulation and the data. Not
all of these steps were explored for this thesis. For example, the plex mapping was already
done for Test Beam so the algorithm was applied to create the plex map for the specific
configuration being studied.
As explained in the preceding chapter, cosmic ray muons are used as a standard candle in
the calibration process for Test Beam. That is, before any calibration analysis could occur,
the cosmic muons needed to be selected from the data set so the calibration process would
occur only on those. Cosmic ray muons are useful for calibration since they create a straight
track as they pass through the detector and deposit a constant amount of energy along the
26
entire track [5]. Initially the data was processed to create a subset of only cosmic ray muon
tracks that the detector recorded. After the initial processing, the cosmic ray subset of
data was reprocessed to pick out a further subset of events which met the criteria for being a
useful calibration cosmic muon. Some criteria used include incoming energy, incoming angle,
whether or not it decays in the detector, etc. More technical information about the code
used for this process can be found in Kleykamp’s how-to process [5].
5.1 Alignment
Alignment is needed to determine the position of the planes of scintillator strips. This
is important in order to have good accuracy in the reconstruction of the trajectories of
particles within the detectors. The S2S calibration depends on having the alignment of the
planes correct as well. Usually the alignment process is repeated as many times as needed
until the alignment iterations converge to consistent values. In the past, alignment constants
usually converge after two iterations.
Before any analysis could be done to correct the alignment of the detector planes, the
correct plex mapping had to be chosen from the already complied list. For Test Beam 2
there were three different runs, but only two different configurations. For Run 2 the plex
mapping chosen needed to be the one created for the SuperHCal setup of the Test Beam
detector. In addition to the correct plex mapping, the initial guess constants needed to be
copied into the directory where the calibration process occurred so they could be used when
determining better alignment constants.
There are several scripts that need to be run to obtain the alignment constants. The
first is a small script which takes the location of the data files being used, in this case the
cosmic muons selected for calibration, and the location of a directory to send the output.
This script will loop over all of the different calibration files and run the analysis on all of the
data. The script makes a call to the “master” script, which processes the data and creates
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ntuples and histograms of the data so that the alignment process can be applied and seen
visually.
The first step in the alignment calibration process was the creation of what is called a
“playlist”. This playlist used the location in the laboratory server of the muon data files,
the version of the MINERνA software being used (this thesis used version v21r1p1), and the
beginning and end run numbers. It then created a text file containing a list of subrun names
and the file path to each. This playlist file was used to gain access to the ntuples, ordered
sets of data in vector form with n elements, which were read and used for the alignment
process.
The second step was to run the master script. The master script contains calls to various
functions that each do a portion of the calibration process. The master script first loads
in the plex mapping for the correct detector configuration. This simply ran a job on the
computing cluster that created an ntuple consisting of an entry for each channel of the
detector.
After associating the strips of the detector with entries in the data using the plex map,
the calibration muon nutples were looped over. In the process of looping over the muon
ntuples, a set of histograms was created in order to determine the alignment constants and
also to make sure all of the strips being looked at were not dead or acting erratically. Several
important histograms were made in this process of the analysis. One is the truncated mean
energy per path length for each channel, and the other is the zero fraction for each channel
histogram. The zero fraction histogram shows the fraction of time a strip has at least 2mm
of reconstructed path but no digit (i.e., no readout signal). This is helpful in determining
dead channels, as dead, or mostly dead, channels will have zero fractions near 100 percent.
After making histograms for every individual channel, there is a summary script that
looped through the channels and made a smaller quantity of histograms. These histograms
include the truncated mean energy (see Figure 5.1), the zero fraction (see Figure 5.2), and
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the root mean square (RMS) of the energy distribution of all channels. It is really these
summary histograms that were used to obtain the alignment constants.
Figure 5.1: Summary histogram of the truncated mean energy obtained after the first
alignment iteration. This shows the distribution of the truncated mean energy throughout
all of the channels. The y-axis is the number of channels and the x-axis is truncated mean
energy values.
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Figure 5.2: Summary histogram of the zero fraction obtained after the first alignment
iteration. This shows the distribution of the zero fraction throughout all of the channels.
The y-axis is the number of channels and the x-axis is zero fraction values. If the zero
fraction is close to 1 then the channel is most likely dead. There appear to be several dead
channels in the Test Beam Run 2 data set used for this analysis.
The alignment constants were then made by analyzing the distributions of the summary
histograms. The constants were determined by taking one over the truncated mean energy
of a good channel, 1
E¯
, and dividing it by the mean of the total energy, 1/E¯¯Etotal . In addition to
making the constants, this portion of the master script compiled a list of strips that could
not be used in the analysis process due to some malfunction. In addition to compiling a list
of errors, there was also output from the script which indicated specifically how many strips
have a high zero fraction, etc. as seen in Figure 5.3.
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Figure 5.3: This is output showing the compilation of strips which have errors and can not
be used.
Throughout the analysis the truncated mean energy was used rather than a fitted value
of the peak of the energy distribution. Test Beam contains too few individual planes for
there to be enough statistics to fit the total distribution well. Therefore, corrections must
be made to the truncated mean in order to account for the slight differences between the
fitted peak value and the truncated mean. The corrections come from doing a fit on each
individual plane, where there are plenty of scintillator strips for enough statistics. The fit
was a 5th order polynomial. The corrections for each plane were outputted into a text file
that was later used in determining the alignment constants.
Once the master script had fully completed the alignment, there were a few more steps
to be done before the next iteration. First, the histograms made by the master script were
used to create plots that show the alignment of each module of the Test Beam. This step
was helpful for interpreting the results and comparison of the changes in alignment after
each iteration. In addition to plots for each module, there were also plots created to show
the difference in the alignment of angle and position of the current iteration to the prior one.
The alignment constants produced by the master script had to also be combined with
the initial guess constants. This is because changing the alignment constants changes the
positioning of the particle tracks within the detector which in turn changes the alignment
constants. This causes the new constants to be created relative to the old ones. After the
alignment constants had been correctly combined, they were put into the software package
of the Test Beam configuration and loaded to the communal code repository (CVS) for
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MINERνA computing. Once uploaded to the CVS, they were then downloaded onto the
machines containing the Test Beam data so the alignment used on those machines when
processing data could be updated. Once the Test Beam machines were setup with the most
up-to-date framework, the whole process was repeated to create a second set of alignment
constants.
5.2 Alignment Results
The following section contains the results for each time the alignment process was com-
pleted. Due to the large amount of plots created each time, only those focusing specifically
on angle and position alignment are presented here. Additional plots created can be found
in Appendix A, Appendix B, and Appendix C. For the discussion about each set of results
please see Chapter 6. Note that strip separation corresponds to an average value of 13.4mm.
5.2.1 Corrected Plex Map Iteration 1
The first completion of the alignment process corresponds to the first iteration done
with the original plex mapping for the SuperHCal configuration that Run 2 used. The
second completion of the alignment corresponds to a second iteration with the original plex
mapping. Plots for the first iteration that show the energy deposited as a function of “base
position” of a strip and energy deposited along a gird of longitudinal position and “base
position” of a strip can be found in Appendix A.
As will be discussed in the next chapter, after examining the results from the first and
second completions of the alignment process, it became clear the plex mapping for the
SuperHCal configuration was not correct. In addition, the second iteration appeared to be
identical to the first. The only results worth noting are those found in Appendix A which
show the incorrect plex mapping.
The third completion of the alignment calibration process was completed after the plex
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mapping was updated to more accurately reflect the Run 2 configuration. In addition,
instead of comparing with the SuperHCal initial guesses for alignment, it is compared with
the 20E20H configuration initial guesses. The difference between the two configurations is so
minute that this change in initial guesses should not affect the alignment for the SuperHCal
configuration.
Figure 5.4 shows the angle alignment differences between the alignment constants out-
putted from the calibration process and the original guesses, this time for the 20E20H con-
figuration. Figure 5.5 shows the same thing but for position alignment instead of angle
alignment. These plots show how much the alignment changed between the initial guesses
and the newly created alignment constants.
Figure 5.4: The angle alignment for the first iteration with the corrected plex mapping.
This iteration is being compared with the angle alignment guesses of 20E20H configuration.
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Figure 5.5: The position alignment for the first iteration with the corrected plex map-
ping. This iteration is being compared with the position alignment guesses of the 20E20H
configuration.
The plots for this iteration that show the energy deposited as a function of “base position”
and energy deposited along a gird of longitudinal and “base position” can be found in
Appendix B. These plots are similar to those found in Appendix A for the first iteration,
but have the correct plex mapping.
5.2.2 Corrected Plex Map Iteration 2
After analyzing the results of the first iteration with the corrected plex map, it was
determined a second iteration was needed. The results in this section are from the second
iteration. Figure 5.6 shows the differences in angle alignment between the two consecutive
iterations. Figure 5.7 shows differences in position. Additional plots for this iteration can be
found in Appendix C. This was determined to be the final iteration and the results of this
alignment are currently in the Test Beam framework for use.
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Figure 5.6: The angle alignment for the second iteration. This iteration is being compared
with the angle alignment of the first iteration.
Figure 5.7: The position alignment for the second iteration. This iteration is being compared
with the position alignment of the first iteration.
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5.3 Strip-to-Strip
The next process was strip-to-strip energy response calibrations. This process is to
make sure the energy response throughout all of the scintillator strips in the Test Beam
detector is uniform. Cosmic muons for the calibration are used as muons are well under-
stood and have a lifetime that allows them to travel the whole length of the detector before
decaying. Therefore, the energy of a muon as it transitions the planes of the detector is
expected to be a certain value. The strip-to-strip (S2S) constants created during calibration
make sure the energy response of the detector to a muon is uniform.
The calibration was done by calculating the average mean energy seen in each scintillator
strip in every module of Test Beam when a muon passes through it. The average was
compared to the energy expected to be seen in the strip based on the muon trajectory
reconstructed by the other planes in the detector. An S2S constant was determined that
made the average energy consistent among all of the strips. The constant is a multiplicative
factor for each strip. This process was repeated through several iterations until the S2S
constants were no longer changing significantly between iterations.
Once the final iteration was completed, the number of strips labeled as dead (i.e., they
were not working correctly) was checked. There are certain strips which are known to be bad
due to either manufacturing issues or degradation over time. If many additional strips beyond
those expected were deemed dead, exploration into the cause would have been required prior
to implementing the constants. No additional strips were dead, so the final S2S constants
were uploaded and installed in Test Beam.
5.4 Strip-to-Strip Results
This section presents the results for each iteration of the strip-to-strip calibration. All
plots shown in this section are of the ratio between the S2S constants created during the
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current iteration with those from the previous iteration. For a discussion about the results
see Chapter 6.
5.4.1 Iteration 1
These results compared the new S2S constants created in the first iteration with the
original guesses for the constants. Figure 5.8 shows a view of every strip in every module
of the entire Test Beam detector. The color represents the ratio of the S2S constants the
first iteration determined with the original guesses. Figure 5.9 shows the distribution of the
ratios between the constants.
Figure 5.8: This is the ratio of the S2S constants from the first iteration with the original
guesses at the constants. The closer the ratio is to one, the less the constants are being
changed from iteration to iteration.
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Figure 5.9: This plot shows the distribution of the ratios between the new S2S constants
from the first iteration with those from the original guesses.
5.4.2 Iteration 2
These results are comparing the S2S constants created in the second iteration with
those from the first iteration. Figure 5.10 shows the ratio between the two iterations for
every strip in each module. Figure 5.11 shows the ratios distribution.
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Figure 5.10: This is the ratio of the S2S constants from the second iteration with the first
iteration. The closer the ratio is to one, the less the constants are being changed from
iteration to iteration.
Figure 5.11: This plot shows the distribution of the ratios between the S2S constants of the
second iteration with those from the first iteration.
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5.4.3 Iteration 3
These results are comparing the S2S constants created in the third iteration with those
in the second. Figure 5.12 shows the ratio between the two iterations for every strip in each
module. Figure 5.13 shows the distribution of the ratios.
Figure 5.12: This is the ratio of the S2S constants from the third iteration with the second
iteration.
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Figure 5.13: This plot shows the distribution of the ratios between the S2S constants of the
third and second iterations.
5.4.4 Iteration 4
These results are comparing the S2S constants created in the fourth, and final, iteration
with the third. Figure 5.14 shows the ratio between the two iterations for every strip in each
module. Figure 5.15 shows the distribution of the ratios.
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Figure 5.14: This is the ratio of the S2S constants from the fourth iteration with the third
iteration. The closer the ratio is to one, the less the constants are being changed from
iteration to iteration.
Figure 5.15: This plot shows the distribution of the ratios between the S2S constants of the
fourth iteration with those from the third iteration.
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Chapter 6
Discussion
This chapter will highlight the results presented in Chapter 5. There were several
issues that were discovered with the results. The determination of the final iterations of the
alignment and S2S processes is also discussed.
6.1 Error in Plex Mapping
In addition to the plots presented in the previous chapter, plots which show the en-
ergy deposited as a function of “base position” of a scintillator strip, as well as the energy
deposited in a gird of longitudinal and “base position” of a strip, are created in the align-
ment process. These are the types of plots presented in Appendix A, Appendix B, and
Appendix C. In both cases, “base position” corresponds to the bottom of a single scintillator
strip. A scintillator strip has a half width of on average 13.4mm and the “0” base position
corresponds to the center peak of the triangular shaped strips.
The plots of energy deposited as a function of base position are used to determine position
alignment and have a fit. The fit applied is a triangular fit. This is because the largest amount
of energy deposited in a scintillator strip is expected to be in the middle of the strip (i.e. at
the base position of 0). Therefore, the closer the data is centered on 0, the better aligned
the position of the strips are.
The plots of longitudinal versus base position showing the energy deposited are useful for
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determining both the angle and position alignment. A fit is done by breaking the longitudinal
position along a single strip into six different bins and fitting a straight line through the
position of peak energy deposited. The peak energy deposited in a strip should occur when a
particle passes directly through the peak of the triangular shaped scintillator strip. Therefore,
the fitted line is expected to be straight up and down and centered at 0 if the planes are
correctly aligned. If the fit is not straight up and down, it will give the angular adjustment
needed to correctly align the planes. If the fit is laterally offset, it will give the needed
position alignment to correct for the offset.
By looking at these plots for the first iteration done with the original plex mapping,
specifically those for module 0 and module 1, an issue arose. Looking at Figures 6.1 and 6.2,
it is easy to see both the triangular fit in red on the left subplot and the straight line fit in
black on the right subplot are drastically different than expected.
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Figure 6.1: Plot of the 0th Module energy deposited obtained after the first alignment
iteration with the original plex map. This shows the energy deposited as a function of base
position in the left subplot and as a function of base and longitudinal position in the right
subplot. This module is the first of the Test Beam detector and is expected to have poor fits
due to the error prone scintillator strips being placed in this module on purpose. However,
the right triangle fit in the left subplot and the black line fit in the right subplot are much
worse than expected.
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Figure 6.2: Plot of the 1st Module energy deposited obtained after the first alignment
iteration with the original plex mapping. This shows the energy deposited as a function
of base position in the left subplot and as a function of base and longitudinal position in
the right subplot. Again this module is expected to have poor fits due to the error prone
scintillator strips being placed in this module on purpose. However, the right triangle fit in
the left subplot and the black line fit in the right subplot are much worse than expected.
Small deviations from a perfect fit were expected as this was only the first time aligning
the Test Beam. However, the difference was so drastic for these modules that something
beyond poor alignment was occurring. The big tip off for it not being due to alignment
is the fact that the half width of a strip of scintillator is 13.4mm. However, in the right
subplot of both modules a lot of energy is being deposited past 13.4mm from the center
(0mm). This is saying there are particles being detected outside of the scintillator strip
itself. This of course does not make sense. In addition, the left subplot is saying that the
triangular shape of the scintillator strip is centered at approximately 10mm away from the
actual center of the strip.
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These drastic deviations were due to incorrect plex mapping of the SuperHCal configu-
ration, which is the configuration of Run 2. This issue also occurred when Run 1 had the
alignment portion of its calibration process done, where Run 1 has the 20E20H configuration.
The 20E20H plex mapping was updated to correct for the issue, but Run 2 is the first run
of Test Beam which uses the SuperHCal configuration. Therefore this analysis is the first
time the plex mapping has been used for calibration. It was soon determined that several
of the planes of the detector needed to be updated in the plex mapping for the SuperHCal
configuration, similar to what happened for the 20E20H configuration. The modules altered
were 0, 1, and 41. Appendix A has the plots for all 42 modules obtained after the first
iteration with the original plex mapping. Appendix B has the plots for all 42 modules for
the first iteration of alignment with the corrected plex mapping. Figure 6.3 shows the fits
for the first iteration of the alignment process after the plex mapping was updated. It is
clear to see the fits for both subplots look much better with the new plex mapping.
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Figure 6.3: Plot of the 0th Module energy deposited obtained after the first alignment
iteration with the corrected plex mapping. This shows the energy deposited as a function
of base position in the left subplot and as a function of base and longitudinal position in
the right subplot. The fits in both subplots are as expected and show that incorrect plex
mapping was the issue.
6.2 Additional Alignment Iterations Needed
After the plex mapping for the SuperHCal was corrected and updated in the Test Beam
framework, the alignment process was run again. The results can be seen in Section 5.2.1.
The alignment of angle looks good in Figure 5.4. However Figure 5.5 has a few values rather
far from zero. The troublesome data points can be seen more clearly in Figure 6.4.
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Figure 6.4: The position alignment for the first iteration with the corrected plex mapping
is shown in this plot. The red circles correspond to the data points that are far away from
0.
The top most data point circled in red is off by about 0.12 strip separations. This
corresponds to about 13.4mm × 0.12 = 1.6mm. The second outlier data point is off by
about 0.11 separations, corresponding to about 1.5mm. These differences are a lot when
talking about a strip that has a half width of 13.4mm.
It is expected that alignment will converge after two iterations. The MINERνA exper-
iment strives for high resolution when tracking the particles through the detectors. This
means the alignment calibration needs to be much smaller than the expected 2mm position
resolution in each plane [8]. Therefore, it appeared a second iteration was needed to make
sure the alignment, especially that for position, converged.
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6.3 Final Alignment
After the second iteration of the alignment process with the corrected plex mapping,
it was determined the changes in alignment for both angle and position was converging to
zero. Figure 6.5 shows the angle alignment for the first and second iterations side-by-side.
It is easy to see the change in the alignment constants are converging.
(a) Angle Alignment of the First Iteration (b) Angle Alignment of the Second Iteration
Figure 6.5: Side-by-side comparison of first and second iteration of the angle alignment using
the corrected plex mapping. It is easy to see the results converge after a second iteration.
Figure 6.6 shows the position alignment for the first and second iterations side-by-side.
Again these plots show the change in the alignment constants from the previous constants
used. Therefore, the closer the values are to zero, the less the alignment process is changing
the overall alignment. Note that Figure 6.6b has a much smaller range for the y-axis than
Figure 6.6a does, so the second iteration is indeed converging.
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(a) Position Alignment of the First Iteration (b) Position Alignment of the Second Iteration
Figure 6.6: Side-by-side comparison of first and second iteration of the position alignment
using the updated plex mapping. Note the drastic change in the y-axis.
The results from the second iteration show that the change in the alignment is converging
to zero, meaning no further iterations are needed. The second iteration was deemed to be
the last iteration, and its alignment constants were uploaded into the Test Beam framework.
6.4 Additional S2S Iterations Needed
After the first iteration of the S2S constants, discussion of the results determined
additional iterations were needed. Figure 6.7 shows the ratio between the first iteration S2S
constants and the original guesses for the constants. This plot shows the fractional change
in the S2S constant for every strip in every module. It is clear to see some sort of pattern
emerging around modules 20 and 35. This sort of structure should not occur for the final
S2S constants. Any deviance from a ratio of one should be randomly dispersed within the
detector for the final S2S constants. Therefore, additional iterations are needed to get rid of
the pattern seen.
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Figure 6.7: This is the ratio of the S2S constants from the first iteration with the original
guesses at the constants. The closer the ratio is to one, the less the constants are being
changed from iteration to iteration.
Looking at the distribution of the ratios for the first iteration with the original S2S
constants, depicted in Figure 6.8, it is very clear to see additional iterations are needed.
Ideally the distribution would be sharply peaked at one and have a small full-width half-
max. Figure 6.8 has the opposite. Additional iterations should sharpen the peak around
one. The results for the second and third iterations are presented in Section 5.4 and show
similar reasons for additional iterations.
52
Figure 6.8: This plot shows the distribution of the ratios between the new S2S constants
from the first iteration with those from the original guesses. The sharper the peak at one,
the less the constants are changing between iterations
6.5 Final S2S Iteration
The fourth iteration of the S2S process was determined to be the final iteration. The
ratio distribution is peaked around one and has a full-width half-max of about 1%. Figure
6.9 shows the ratios of the S2S constants of the first iteration with the original and the
ratios of the S2S constants of the fourth iteration with the third iteration side-by-side. The
patterns prevalent in Figure 6.9a are gone in Figure 6.9b. The deviations from a ratio of
one in Figure 6.9b of the fourth iteration are randomly dispersed throughout the Test Beam
detector. More of the ratios after the fourth iteration are one, which means the S2S constants
are not changing much between iterations (i.e, converged).
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(a) S2S Constants Ratio for First iteration (b) S2S Constants Ratio for Fourth Iteration
Figure 6.9: Side-by-side comparison of first and fourth iterations of the S2S constants. The
results of the first iteration are the ratios between the iteration and the original guesses.
Those for the fourth iteration are the ratios between the fourth and third iterations.
Figure 6.10 shows the distribution of the ratios between consecutive iterations of S2S
constants side-by-side for the first and fourth iterations. If is clear to see the distribution
obtained in the fourth iteration is much more sharply peaked at one. The wings of the
distribution are thinner than those for the distribution of the first iteration. Figure 6.11
also shows the distribution of the ratios does not change substantially between the third and
fourth iterations. In addtion, Figure 6.12 shows that the strips deemed dead are only those
expected. All of this points to the fourth iteration being the final iteration.
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(a) S2S Constants Ratio Distribution for First it-
eration
(b) S2S Constants Ratio Distribution for Fourth
Iteration
Figure 6.10: Side-by-side comparison of first and fourth iterations of the distribution of the
S2S constants ratios. The results of the first iteration are the ratios between the iteration
and the original guesses. Those for the fourth iteration are the ratios between the fourth
and third iterations.
(a) S2S Constants Ratio Distribution for Third
iteration
(b) S2S Constants Ratio Distribution for Fourth
Iteration
Figure 6.11: Side-by-side comparison of third and fourth iterations of the distribution of
the S2S constants ratios. The results of the iterations are the ratios between the iteration
and that prior to it. The shape of the distribution does not change drastically between the
third and fourth iterations other than becoming more sharply peaked at one.
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Figure 6.12: This plot shows all of the strips within the Test Beam detector that are
deemed dead due to some error when determining a S2S constant for that strip. Only the
strips expected to have an error ended up with an error.
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Chapter 7
Conclusion and Future Work
The MINERνA experiment at Fermilab is furthering the knowledge of the nuclear
environment by probing different nuclei by weak interactions using neutrinos. The data
collected will help refine neutrino-nucleus scattering models and aid neutrino oscillation
experiments. The MINERνA detector is located underground at Fermilab in the beamline
of the NuMI beam and in front of MINOS. As a pulse of the NuMI beam goes through the
detector, data is collected and processed. The Test Beam experiment is a small scale version
of the MINERνA detector used to test, calibrate, and validate the simulations of hadrons
and electrons in the MINERνA detector.
Validation of detector simulation and data agreement can only be done once the data
has been calibrated. Timing delays, strip-to-strip variations of responses, photoelectron to
deposited energy factors, pedestal values, absolute energy scale, etc. must all be determined
in order to have a fully calibrated data set to compare to simulation. This comparison allows
any differences, once understood, to be corrected so simulation more accurately reflects data.
Correcting the simulation will improve the models of neutrino interactions, which is the
overall goal of MINERνA .
When the first and second iteration of the alignment process were completed, it was
determined the plex mapping for the SuperHCal configuration of Test Beam was incorrect
for several modules. It was found that modules 0, 1, and 41 of the SuperHCal configuration
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needed to be updated in the plex mapping. This was similar to what occurred during the
alignment calibration of Run 1 with the 20E20H configuration.
After the plex mapping was corrected the alignment process was repeated. The angle
alignment looked good, but the positional alignment did not. There were several data points
with large variations of 1.6mm and 1.5mm. The second iteration of the alignment process
resulted in angle and position alignment changes converging to zero. It was determined the
second iteration was the final iteration and the alignment from it was uploaded to the Test
Beam framework.
The strip-to-strip calibration process was also performed. The fourth iteration of the
process resulted in a distribution of ratios of the S2S constants sharply peaked at one with
a small full-width half-max value. The number of strips deemed dead was as expected.
Strip-to-strip calibration was verified and uploaded into the framework. The final iteration
constants were installed in the Test Beam framework.
This thesis covered the alignment and the strip-to-strip calibrations. Further calibration
processes need to be done on the Test Beam data for Run 2, including: MEU, cross-talk,
and timing. This thesis worked on calibration for Run 2 of Test Beam 2. Note that Run 2
and Run 3 have the same configuration, so the calibration for Run 2 should be applicable to
Run 3, but this needs to be verified.
After everything has been calibrated, the data should be compared to detector simulation
to determine how well the models are.
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Appendix A
Additional Plots for Iteration 1 with
Original Plex Map
59
60
61
62
63
64
Appendix B
Additional Plots for Iteration 1 with
Updated Plex Map
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Appendix C
Additional Plots for Iteration 2 with
Updated Plex Map
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